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Human Antibody Response to Thioredoxin Peroxidase-1 and Tandem Repeat Proteins as
Immunodiagnostic Antigen Candidates for Schistosoma japonicum Infection
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Abstract.  Schistosomiasis continues to be a public health problem in many tropical and subtropical countries. Improving
the diagnostic tools for surveillance and monitoring in areas that have reached elimination level will help hasten the pos-
sible elimination of this disease. This study therefore aims to develop enzyme-linked immunosorbent assay through the
use of recombinant proteins such as thioredoxin peroxidase-1 (SjTPx-1) and four tandem repeat proteins (Sj1TR, Sj2TR,
Sj4TR, and §j7TR). Cutoff values were calculated using 38 serum samples from healthy Japanese volunteers. Sera from
35 schistosomiasis-confirmed patients, four cured from the disease by chemotherapy, and 15 endemic negative controls
were used to assess these antigens. SjTPx-1 and Sj7TR both had 85.71 % sensitivity. Furthermore, these antigens were also
tested against human sera positive for other parasitic infections and showed no or very minimal cross-reaction. These
results suggest the potential defined antigens for development of an accurate diagnostic test for schistosomiasis.

INTRODUCTION

Since the identification of the Schistosoma parasite in Egypt
in 1851,! schistosomiasis has continued to be a public health
problem in 76-endemic countries.? More than 207 million peo-
ple are infected worldwide and about 700 million people are
at risk of having the disease.? This parasitic disease is far from
being eradicated despite national control programs imple-
mented in endemic countries. Improving the diagnostic tech-
niques should be given importance, because schistosomiasis
diagnosis is needed for epidemiological studies and evaluating
the efficacy of control programs.

Definitive diagnosis of Schistosoma japonicum infection in
endemic areas still relies on the Kato-Katz technique and/or
the sedimentation concentration technique, which are based
on the detection of schistosome eggs in the stool of the infected
individuals® This technique is simple and has a very high spec-
ificity, making it the “gold standard” method for schistoso-
miasis diagnosis. However, this parasitological technique is
labor-intensive, requires skilled personnel, has low sensitiv-
ity in low prevalence endemic areas,* and according to one
study, seven repeated Kato-Katz examinations coupled with
miracidial hatching is required to have its maximal sensitivity.®
Because of these issues in sensitivity, crude egg antigen-based
immunodiagnostic techniques such as the circum-oval pre-
cipitin test (COPT) and enzyme-linked immunosorbent assay
(ELISA) are usually used instead. However, it will be difficult
to produce crude egg antigen for large-scale diagnostic pur-
poses. And so far, only a few defined antigens have been iden-
tified for serological diagnosis of schistosomiasis.”® Therefore,
there is a need to develop a recombinant diagnostic antigen
that is easier to produce.

The recently completed genome of S. japonicum,? database
available online, made it possible to analyze more antigens
to be used possibly in the diagnosis and vaccine develop-
ment against the parasite. For the diagnostic purposes, pro-
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Veterinary Medicine, 2-13 Inada-cho, Obihiro, Hokkaido, 080-8555
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ducing the recombinant antigens is easier than using the
crude egg antigen. This can be an important factor in the
success of performing mass diagnosis and epidemiological
surveys.

Peroxiredoxin (Prx) is considered as the major detoxifying
agent against hydrogen peroxide in helminths,”® which limits
the damage done by this reactive oxygen species.!! Based on
their amino acid sequences, the Prx have been classified into
1-Cys or 2-Cys Prx.”? The 2-Cys Prx is also known as thiore-
doxin peroxidase (TPx) because it uses electrons from the thi-
oredoxin system.® In S. japonicum, TPx exists in three forms,
namely TPx-1, TPx-2, and TPx-3.1" TPx-1 is expressed on the
tegument of the adult parasite' making it more exposed to
the host immune system. Among the three types, only TPx-1
was seen in the excretory/secretory products from the adult
worm.” In a previous study, it was tested on cattle samples
through ELISA and yielded 84.0% sensitivity and 89.0%
specificity,”” whereas the antigen has not been evaluated for
human cases. On the other hand, tandem repeat proteins
(TRPs) are often targets of humoral responses for proto-
zoan’$ and helminthic parasites.”” Previous studies showed
that computational screening of genomes could identify novel
genes encoding TRPs with serological significance from var-
ious parasites.'®2* However, no such proteins have yet been
identified as antigens for serodiagnosis of schistosomiasis. In
this study, we evaluated the serological efficiency of TPx-1
and four TRPs for the diagnosis of human schistosomiasis as
compared with S. japonicum soluble egg antigen (SEA) by
ELISA.

MATERIALS AND METHODS

Parasite. The Yamanashi strain of S. japomicum was
maintained using the Oncomelania nosophora snails and
imprinting control region mice to complete its life cycle.!
Each mouse was infected with 40 to 60 cercariae by exposing
its tail to a cercarial water suspension. After 7 to 8 weeks, the
mice were killed to obtain the adult parasite. The adults were )
collected from the mesenteric veins of the intestine, which
were cleaned briefly with normal saline solution. The animal
experiments in this study were carried out in compliance with
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the Guide for Animal Experimentation at Dokkyo Medical
University Japan.

Human sera. Non-endemic control sera were collected from
38 healthy Japanese volunteers from Tochigi prefecture in May
2003.22 These subjects were without any risk of contracting
S. japonicum infection and had no history of traveling to
schistosomiasis-endemic areas. Fifteen endemic control sera
and four post-treatment samples (1 year after chemotherapy)
were collected from Gonzaga, Cagayan, the Philippines.
These individuals were confirmed negative through stool
examination. The schistosomiasis-positive serum samples were
collected from 35 human patients from Leyte, the Philippines.?
They were diagnosed by the detection of the parasite eggs in
their stool. Sera from patients with other parasites, including
Trichuris trichiura (N = 1), Plasmodium falciparum (N = 4),
Plasmodium vivax (N = 1), and Entamoeba histolytica (N = 4)
were collected from a schistosomiasis-free area in the
Philippines. They were diagnosed through either microscopic
examination or detection of antibodies by immunofluorescent
assay. Paragonimus westermani-positive samples (N = 11)
were taken from Japanese patients and Opisthorchis viverrini-
positive sera (N = 10) were collected from Thailand diagnosed
through either clinical manifestations or antibody detection.
Blood samples were taken from these subjects after informed
consent in their local language were obtained by a medical staff
member from each patient or their guardians. This study was
done according to the ethical guidelines for epidemiological
studies provided by the Ministry of Education, Culture,
Sports, Science and Technology and the Ministry of Health,
Labor and Welfare of Japan. The University of the Philippines,
Manila also issued favorable technical and ethical reviews of
this study.

Computational search and synthesis of tandem repeats (TR)
genes. DNA sequence data from S. japonicum (Sjaponicum._
Genes.v3) were obtained from GeneDB.? Tandem Repeats
Finder,a program to locate and display TR in DNA sequences,”
was used to identify TR genes as previously described.”® In
this study, the genes were regarded as TR genes if the scores
obtained from the Tandem Repeats Finder analysis were
500 or higher. The biochemical properties of each of the top
20 S. japonicum TR genes/proteins were analyzed for 1) a
protein’s molecular mass, isoelectric point, presence of a signal
sequence, trans-membrane domain(s), or a GPI-anchor signal;
2) known antigenicity and/or functions by Blast searches
against the National Center for Biotechnology Information
(NCBI) database using both DNA and deduced amino acid
sequences; 3) evidence of protein expression by comparison
with a previous study®; 4) transcriptomic expression levels
by comparison with the NCBI EST database. On the basis of
these analyses, four TR genes were selected for production of
recombinant proteins. Nucleotides coding a partial TR domain
of the chosen TRPs were synthesized by GenScript USA Inc.
(Piscataway, NJ).

Cloning and sequencing of TPx-1. Total RNA was extracted
from S. japonicum adult worms using TRIzol (Invitrogen,
Madison, WI). First strand synthesis of complementary DNA
(cDNA) was done using the Ready-To-Go T-Primed First
Strand Kit (Amersham Biosciences, UK) and oligo (dT) primer.
From the cDNA of the adult worm, SjTPx-1 was amplified by
polymerase chain reaction (PCR) using the primer set 5'-TTA
GGA TCC ATG GTA CTG ATT CCA AAT-3" and 5-TTA
AAG CIT TAA TCA GTG ATT CAC TTT-3' (BamHI
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and HindIIl sites were underlined) based on the sequence
obtained from GeneDB? (accession no. Sjp_0095720.1).
The expected length of the PCR product was 555 bp. Twenty
microliters of reaction mixture contained 2 uL of buffer,
0.6 uL of 1.5 mM MgCl, 1.6 uL of 2.5 mM dNTP, 0.4 pL of
each 20 pmol/pL primer, 0.2 pL of 5§ U/uL. Tag DNA poly-
merase (Takara, Otsu, Japan), and 1 pL of template. The
conditions for PCR were as follows: 94°C for 5 min, followed
by 35 cycles of 30 sec in 94°C, 45 sec in 60°C, and 45 sec in
72°C, and a final extension of 72°C for 10 min. The PCR was
performed using Veriti 96-Well Thermal Cycler (Applied
Biosystems, Carlsbad, CA). The PCR products were separated
by electrophoresis in 1.5% agarose gel and visualized by
ethidium bromide staining. The amplified DNA sequence was
cloned into the pCR 2.1-TOPO vector (Invitrogen, Carlsbad,
CA). Escherichia coli DH5a were transformed with the
plasmid. Selected clones were sequenced to verify the identity
of the cloned sequences using the ABI Prism 3100 Genetic
Analyzer (Applied Biosystems).

Recombinant protein preparation. The SjTPx-1 gene was
digested with the restriction enzymes BamHI and HindIll,
whereas the four synthesized TRP genes with Ndel and
EcoRI (the enzyme sites added at 5’ and 3', respectively). The
resulting digested genes were inserted into the pET28 vector
(EMD Biosciences, San Diego, CA). Escherichia coli BL 21
was transfected with pET28 plasmids containing the individ-
ual genes and were grown in LB medium (Sigma-Aldrich,
St. Louis, MO) supplemented with 50 pg/mL of kanamycin
for cloning. The expression of the recombinant proteins in
SOB medium (BD, Sparks, MD) was induced with 0.5 mM
isopropyl-thio-p-D-galactoside (IPTG) and maintained for
3 h. The recombinant proteins were recovered using the
Ni-NTA agarose (Qiagen Inc., Valencia, CA) according to
the manufacturer’s instruction. SjTPx-1, S§j1TR, Sj2TR, and
Sj7TR were purified as soluble proteins, whereas Sj4TR as an
insoluble protein. The proteins were eluted and dialyzed with
20 mM Tris, pH 8.0. The integrity and purity of the proteins
were evaluated with 15% polyacrylamide gel electrophoresis
(SDS-PAGE) under denaturing conditions and subsequent
Coomassie Brilliant Blue staining (MP Biomedicals, Solon, OH).
The concentration of each expressed protein was measured
using the BCA Protein Assay (Thermo Scientific, Rockford, IL).

ELISA. A conventional ELISA was done as previously
described?® with slight modifications. In this study, horseradish
peroxidase (HRP)-conjugated anti-human immunoglobulin G
(IgG) goat serum (Rockland Inc., Gilbertsville, PA) was used
for the secondary antibody and 3,3',5,5'-tetramethylbenzidine
(KPL, Gaithersburg, MD) was used as the substrate for HRP.
The wells of the microplates (Nunc Maxisorp, Thermo Fisher,
Rockland, IL) were sensitized separately with SEA (1 pg/
well) or each of the recombinant proteins (200 ng/well).
Proteins were diluted with carbonate/bicarbonate buffer at
pH 9.6, After blocking with 1% bovine serum albumin (BSA)
in phosphate buffered saline with 0.05% Tween 20 (T-PBS)
(T-PBS-0.1%BSA), the antigen-coated well was filled with the
serum. The test sera (0.1 mL) were diluted 1:400 with T-PBS-
0.1%BSA and while the secondary antibody (0.1 mL) was
diluted in 1:10,000. Optical density (OD) was measured at
450 nm using a microplate reader (MTP-500, Corona Electric,
Tokyo, Japan). All the tests were done in triplicates.

Statistical analysis. The validity of the antigens was estimated
by the sensitivity, specificity, and predictive values using the
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stool analysis as the reference standard. The agreement
between the antigens was estimated by the kappa value.®

RESULTS

TR gene analysis. A total of 12,657 gene sequences were
analyzed by Tandem Repeats Finder, of which 134 genes were
found to have TR regions based on the arbitrary cutoff score of
500. Only eight of them had a score higher than 2,000, which is
very few as compared with previous studies on other parasites
such as Leishmania infantum® Trypanosoma brucei® and
P. falciparum.® The top 20 TR genes with the highest scores
are shown in Table 1, and four TR genes were selected for
production of recombinant proteins based on conservation
in other organisms and expression evidence. For example,
ubiquitin (Sjp_0031660 and Sjp_0066050) and splicing factor
3G subunit 4 (Sjp_0031090) were excluded from further study
because of the high conservation. Although Sjp_0059850
(Sj4TR) showed some similarity to proteins from other
organisms, those included higher animals but not pathogens
causing diseases to mammalian hosts. Furthermore, genes
without expression evidence based on previous proteomic and
transcriptomic studies were avoided for further study because
they were more likely to be just putative genes.

Cloning and expression of proteins. The PCR amplified
SiTPx-1 gene was 555 bp (Figure 1A) similar to the size
reported in the database (GeneDB). The gene showed 98%
identity with S. japonicum TPx-1 gene (Sjp-0095720.1) in
both the nucleotides and amino acid sequences. The gene was
conserved in other parasites, with 82% identity to Schistosoma
mansoni TPx-1 and 61-68% identity to non-schistosome
parasites. Understandably, it showed a high percent identity
with S. mansoni, but the parasitic diseases, which should be
considered for possible cross-reaction, are those that can also
be seen in the schistosomiasis-endemic areas. In Southeast
Asia, schistosomiasis shares geographical endemicity with
Plasmodium spp. (63% identity), O. viverrini (63% identity)
and E. histolytica (66% identity).

The SDS/PAGE showed that the recombinant proteins in
expected size (SjTPx-1, 20 kD; Sj1TR, 19 kD; Sj2TR, 19 kD;
Sj4TR,21 kD, and Sj7TR, 13 kD) were expressed and purified
as a single band (Figure 1C-G).

ELISA. The ELISA was performed using sera from 38
Japanese controls, 15 Filipino endemic negative controls, 4 post-
treated negative samples, and 35 stool-confirmed schistosomia-
sis japonica patients. To check their cross-reactivity, sera from
11 P. westermani, 10 O. viverrini, 1 T. trichiura,3 P, falciparum,
1 P vivax, and 4 E. histolytica positive patients were included
for the ELISA. The cutoff OD value was calculated from the
values of the 38 Japanese controls as mean + 3 SD, Thirty-four
of the 35 schistosomiasis-confirmed sera were positive for SEA.
(Figure 2). Eleven of the 15 endemic negative controls were
positive for SEA, whereas none for the recombinant antigens.
For the post-treatment samples, all were positive for SEA and
only one for Sj4TR. SjTPx-1 and Sj7TR both had 30 samples
positive of the 35, having 85.71% sensitivity. SjITR had
24 positive samples (68.57%) and Sj4TR with 20 positive
samples (57.14%). Only three samples were positive for
Sj2TR making it not a good candidate for human schistoso-
miasis diagnosis. For the P. westermani, Plasmodium spp., and
E. histolytica-positive samples, results showed no cross-
reaction with the recombinant antigens. In contrast, 3 of the 11
P westermani, 5 of the 10 O. viverrini,and 2 of the 4 E. histolytica-
positive samples show high OD values for SEA. Among
the recombinant proteins, only 3 of the O. viverrini-positive
samples showed a very minimal reaction with SjTPx-1.

To test for reproducibility, five independent assays for each
recombinant protein using one non-endemic control and one
stool-positive control were done on three different plates at
the same time. Intra-assay coefficient of variation was below
4% for all the tests (data not shown).

Based on the statistical analysis, SjTPx-1 and Sj7TR showed
high agreement with the stool analysis done on the samples
based on the kappa values (Table 2). The specificity and the posi-
tive predictive values of the four recombinant antigens (SjTPx-1,
Sj1TR, Sj4TR, and Sj7TR) were higher than those of SEA.

TaBLE 1
Top 20 tandem repeats (TR) genes of Schistosoma japonicum
Gene ID Product Score Identity* Proteomet EST
1 Sjp_0099630 Expressed protein 5085 No A yes Sj1TR
2 Sjp_0086200 Cytoplasmic dynein 1 light intermediate chain 1 3558 No no yes Sj2TR
3 Sjp_0047310 SRP40, C-terminal, domain-containing 2522 No na no
4 Sjp_0002410 Expressed protein 2454 No na no
5 Sjp_0070530 Expressed protein 2357 No na no
6 Sjp_0002010 Melanoma inhibitory activity protein 3 precursor 2189 No na no
7 Sjp_0031660 Ubiquitin C 2154 100% CSAEM yes
8 Sjp_0023440 Mediator of DNA damage checkpoint protein 1 2024 No na no
9 Sjp_0088690 Neuroblast differentiation-associated protein AHNAK 1978 No na no
10 Sjp..0066050 Ubiquitin B 1763 100% na yes
11 Sjp_0012130 Thrombospondin type 3 repeat 1758 42% na yes
12 Sjp_0059850 1-phosphatidylinositol-4-phosphate 5-kinase 1743 53% C yes Sj4TR
13 Sjp_0020150 Kringle-like fold, domain-containing 1715 no na no
14 Sjp_0008730 Polypeptide N-acetylgalactosaminyltransferase 1570 54% CSM yes
15 Sjp_0031090 Splicing factor 3B subunit 4 1562 93% no yes
16 Sjp_0087830 Conserved hypothetical protein 1536 no no yes
17 Sjp_0089830 HMG-I and HMG-Y, DNA-binding 1463 no na no
18 Sjp_0030930 Erythrocyte band 7 integral membrane protein 1457 50% na no
19 Sjp_0110390 Expressed protein 1391 no no yes Sj7TR
20 Sjp_0069600 Protein kinase PKN/PRXK1, effector, domain-containing 1389 no CM yes

*The highest percent identity of the repeat motif to proteins from organisms other than Schistosoma species. “no” indicates that the motif was not found in the other organisms.
TProtein expression evidence was based on Liu and others C = cercariae; S = hepatic schistosomula; A = adults; E = eggs; M = miracidia; No = not detectable; na = data not available.
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Ficure 1. Gel electrophoresis and polyacrylamide gel electrophoresis (SDS-PAGE) of the recombinant antigens. (A and B) The recombinant
plasmids were identified by polymerase chain reaction (PCR) and enzyme digestion. (A) Lane 1: TPx-1 from the Schistosoma japonicum adult
worm cDNA library. (B) Synthesized TRP genes. Lane 1: Sj1TR; Lane 2: Sj2TR; Lane 3: Sj4TR; Lane 4, Sj7TR. M = Marker. (C-G) Expression and
purification of the recombinant proteins. M = Marker. Lane 1: Escherichia coli culture before adding isopropyl-thio--D-galactoside (IPTG) and
Lane 2: after adding IPTG. (C) SiTPx-1. (D) Sj1TR. (E) Sj2TR. (F) Sj4TR. (G) S{7TR.

To date, there are only a few defined antigens evaluated for
diagnostic purposes in schistosomiasis, most of which were
only tested against animal sera.'>*>-3* Previous results showed

DISCUSSION

high sensitivity and specificity of the candidate antigens but
further study is needed to know their true immunodiagnostic

potential on human schistosomiasis. Therefore, other antigens
should still be tested and examined for comparative evalu-
ation with those already used. In this study, we assessed the
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FiGure 2. Enzyme-linked immunosorbent assay (ELISA) results of soluble egg antigen (SEA) and the recombinant antigens. (A) Negative
serum samples from Japanese volunteers. (B) Negative endemic controls from Filipino volunteers. (C) Schistosoma japonicum stool-positive serum
samples. (D) Post-treatment negative serum samples. (E) Sera positive for other heminthic infection (Paragonimus westermani, N = 11; Opisthorchis
viverrini, N = 10; Trichuris trichiura, N = 1). (F) Sera positive for protozoan infection (Plasmodium falciparum, N = 3; Plasmodium vivax, N = 1;
Entamoeba histolytica, N = 4). Mean optical density (OD) values (x) are given on each category of samples.
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TABLE 2

Statistical analysis of the ELISA results of SEA and the recombinant
proteins®

Antigen Sensitivity (%) Specificity (%) PPV (%) NPV (%) Kappat
SEA 97.14 71.76 58.62 98.38 0.577
SjTPx-1 85.71 96.47 90.91 94.25 0.836
Sj1TR 68.57 100 100 88.54 0.756
Sj4TR 57.14 98.82 9524 - 84.85 0.634
Sj7TR 85.71 100 100 94.44 0.895

*ELISA = enzyme-linked immunosorbent assay; SEA = soluble egg antigen; PPV = posi-
tive predictive values; NPV = negative predictive value.

Kappa values of SjTPx-1 and Sj7TR showed high agreement with the stool analysis based
on the previously reported criteria set.®

immunodiagnostic potential of SjTPx-1 and four TR proteins
using human samples.

The recombinant SjTPx-1 and Sj7TR both showed an
85.71% positivity rate on the schistosomiasis-confirmed
human samples as compared with the 97.14% positivity rate
of SEA. Of the 35 stool-positive samples, 32 were positive for
either one or both of the SjTPx-1 and Sj7TR; therefore, com-
plementing these two antigens, there will be a possible max-
imal yield of 91.43% sensitivity. Fusion proteins have been
shown effective in the serodiagnosis of other parasites.3* On
the basis of the ELISA results, Sj7TR is a promising candidate
antigen for diagnostic purposes, although GeneDB defined it
only as an expressed protein. Immunolocalization and expres-
sion profiling therefore of this schistosome antigen should be
done to understand its role for the parasite.

The sensitivity of SjTPx-1 using human samples was compa-
rable to that of water buffaloes in a previous study.” However,
the recombinant TRPs should also be tested for their applica-
bility to other animal reservoirs. Sj1 TR, which detected lower
antibodies in human schistosomiasis patients than Sj7TR,
showed higher reactivity to sera from water buffaloes with sus-
pected infection of S. japonicum (Angeles and others, unpub-
lished data). Such variation in antigenicity between different
hosts has been found in other parasitic diseases.?” Differences
in immune responses to S. japonicum antigens between
humans and other animal hosts may be derived from different
survival mechanisms in these hosts because of their diverse
immunological backgrounds depending mostly on the host’s
immunological memory. This includes the immunodominance
of the primary response,* which means to which epitopes did
the host responds; and to which of the primary epitopes has
the host retained its memory. It will be intriguing to further
characterize such differentially recognized antigens in terms
of expression levels and functions in such hosts. In addition,
strain diversity of these recombinant proteins should also be
studied in future researches.

The relationship between the intensity of infection using
the number of eggs per gram and the antibody titer measured
against the recombinant antigens was also studied (data not
shown). The result showed no correlation between the two
quantitative measures. This might be explained by the idea
that antibody production is not merely caused by the number
of eggs released by the schistosome parasite, but also to the
host’s ability to produce antibody against certain epitopes of
the antigen.

The use of S. japonicum SEA in immunological tests has
been known to cause false-positive results with other parasitic
and viral diseases.® As seen in the results, SEA showed cross-
reaction with P. westermani, O. viverrini, and E. histolytica-

positive samples. Only SjTPx-1 showed a very minimal cross-
reaction with O. viverrini-positive sera, whereas none for the
recombinant tandem repeat proteins. This proves that recom-
binant proteins are more specific than the crude antigen.

Mass chemotherapy® has been the main strategy in the
control of schistosomiasis in high prevalence, whereas selec-
tive treatment is used in low prevalence areas. Hence, there
is a need for a sensitive diagnostic tool for the cases to be
identified and given treatment. In this study, endemic nega-
tive controls and samples from persons previously treated for
schistosomiasis tested positive only with the crude antigen.
This is proof that recombinant proteins can be used to iden-
tify true positives in schistosomiasis-endemic areas. The use
of the recombinant proteins will therefore be critical in sur-
veillance and monitoring in areas where the prevalence level
has reached the elimination level. Furthermore, this may also
be applied to epidemiological studies and animal reservoir
surveillance of the disease, which need highly specific tests.
Hence, the real epidemiological picture of schistosomiasis can
be shown, which can further help in the possible elimination
of the disease.
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Although the diplogonadic human tapeworm, Diplogonoporus grandis, has long been considered to be a syn- 24
onym of the whale tapeworm, Diplogonoporus balaenopterae, the identity of the both species at the complete 25
mitochondrial genomes and nuclear DNA levels has been not sufficiently undertaken to date, In the present 26
study, to clarify the taxonomic relationships between D, balaenopterae and D. grandis at the molecular level, 27
the complete mitochondrial genomes of both species were sequenced and compared. In addition, the genetic 28
variation in the mitochondrial cytochrome ¢ oxidase subunit 1 gene (cox1) and the nuclear internal tran- 29
scribed spacer-1 (ITS-1) region of the ribosomal RNA gene were examined. The complete mitochondrial ge- 30
nomes of D. balaenopterae and D. grandis consisted of 13,724 bp and 13,725 bp, respectively. These 31
mitochondrial genomes contained 12 protein-coding, 22 transfer RNA and 2 ribosomal RNA genes and two 32
longer non-coding regions. Except for Hymenolepis diminuta, the genomic organization in both species was 33
essentially identical to that in other cestode genomes examined to date. However, differences were observed 34
between Diplogonoporus and Diphyllobothrium species in abbreviated stop codons, sequences and the num- 35

ber of repeat units in the 2nd non-coding regions. The genetic differences observed in the mitochondrial ge- 36
nomes, cox1 and ITS-1 regions of both species were considered typical of intraspecific variation, implying that 37
D. grandis is a valigi name and which is a junior synonym of D balaenopterae. Further, molecular-phylogenetic 38
analysis ‘c‘o)nﬁ‘mj_néd that D. balaenopterae is more closely related to Diphyllobothrium stemmacephalum, the 39
type-species-of the genus Diphyllobothrium, and the taxonomical validity of the genera Diplogonoporus and 40
Diphyllobothrium was also discussed. 41

© 2011 Published by Elsevier Ireland Ltd. 42

1. Introduction

Broad tapeworms belonging to the genus Diplogonoporus Lénnberg,
1892, are characterized by having a double set of genitalia in a single
proglottid, distinguishing them from Tetragonoporus Skriabin, 1961,
Hexagonoporus Gubanov inV,Delyamure, 1955, and Polygonoporus Skria-
bin, 1967, which all possess multiple gonads in a single proglottid,

Abbreviations: atp6, ATPase subunit 6 gene; cob, cytochrome b gene; cox1-cox3, cy-
tochrome ¢ oxidase subunits 1-3 genes; nadl-nad6, NADH dehydrogenase subunits
1-6 genes; nad4L, NADH dehydrogenase 4 large subunit gene; rnl, ribosomal RNA
large subunit gene; rns, ribosomal RNA small subunit gene; trn, transfer RNA genes;
PCR, polymerase chain reaction.

* Nucleotide sequences of the D. balaenopterae and D. grandis mitochondrial ge-
nomes reported in the present paper are deposited at the DDB}/GenBank databases un-
der accession numbers AB425839 and AB425840, respectively. AB355622-AB355626,
AB355628, AB355629, AB474567, and AB474568 are the accession numbers for the
cox1 gene and AB449346-AB449356, AB474569, and AB474570 are the accession num-
bers for the ITS-1 regions.

* Corresponding author. Tel.: + 81 3 4582 2692; fax: + 81 3 5285 1173.

E-mail address: hyamasak@nih.go.jp (H. Yamasaki).

1383-5769/$ - see front matter © 2011 Published by Elsevier Ireland Ltd.
doi:10.1016/.parint.2011.10.007

and many members of Diphyllobothrium Cobbold, 1858, which 53
usually have only one set of gonads per proglottid {1]. Diplogonoporus 54
balaenopterae Lonnberg, 1892, infects the small intestine of whales, 55
such as the minke whale (Balgenioptera acutorostrata, Balaenopteridae, 56
Cetacea), sei whale (Balaenoptera borealis, Balaenopteridae, Cetacea) 57
and humpback whale (Megaptera novaeangliae, Balaenopteridae, Ceta- 58
cea) [1]. In contrast, Diplogonoporus grandis Lithe, 1899, which causes 59
diplogonoporiasis in humans, has been regarded as a synonym of 60
D. balgenopterae, based on adult tapeworm morphology [2-5], charac- 61
teristics of larval coracidia and procercoids [6,7], and protein profiles 62
[8]. Nevertheless, D. grandis has been referred to as the causative 63
agent of human diplogonoporiasis, especially in Japan [9,1 0]. 64

Diplogonoporiasis cases in humans have been found almost exclu- 65
sively in Japan where more than 200 cases have been reported over 66
the last 100 years [11]. Outside Japan, a total of 3 cases have been 67
reported in Chile {12}, Korea [13] and Spain [14], In the latter two 68
cases, the etiologic agents were identified as D. b&laenopterae based 69
on proglottid morphology. While the complete life cycles of these 70
tapeworms have not yet been elucidated, Japanese anchovy or “shir- 71
asu" (Engraulis japonica, Engraulidae, Clupeiformes), japanese sardine 72
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Table 1
Diplogonoporus isolates gxamined in the present study.

Sample Year Locality collected (latitude/longitude) Host animals DDBJ/GenBank accession numbers

no. collected ot -1

No. 1 1997 Western North Pacific Ocean (N37/E160) _Palaenoptera acutorostrata (minke whale) AB355G22 AB449346

No. 2¢ 1997 Western North Pacific Ocean (N37/E163) B. acutorostrata AB355623 AB449347

No. 3 1997 Western North Pacific Ocean (N39/E161) B. acutorostrata AB355624 AB449342

No. 4 1997 Western North Pacific Ocean (N39/E161) B. acutorostrata AB355625 AB449349-AB449352
No. 5 1997 Western North Pacific Ocean (N39/E158) B. acutorostrata AB355626 AB449353

No. 6 2002 Western North Pacific Ocean Balaenoptera borealis (sei whale) AB4745G7 AB474569

No.7 2002 Western North Pacific Ocean B. borealis AB474568 AB474570

No. 8° 2004 Tokyo, Japan Homo sapiens (58-year-old Japanese man) AB355628 AB449354

No. 9 2006 Hamamatsu, Shizuoka, Japan H. sapiens (58-year-old Japanese man) AB355629 AB449355, AB499356

2 Diplogonoporus isolates used for the complete mitochondrial genome analysis.

(Sardinops melanostictus, Clupeidae, Clupeiformes) [9] and skipjack
tuna (Katsuwonus pelamis, Scombridae, Perciformes) have been sus-
pected to be the most likely sources of infection in humans [10}.

To assess the phylogenetic relationships among eucestodes, genes
such as the ribosomal RNA large subunit (28S rRNA) and small subu-
nit (12S rRNA) genes [15-20}, cox1 and nad3[21], elongation factor-1
alpha gene [16]; the internal transcribed spacer (ITS) regions [22,23]
and the 18S rRNA gene [19,24] have been used. With regard to Diplo-
gonoporus isolates, preliminary DNA analysis using cox1 recently sup-
ported the assignment of D. grandis as a synonym of D. balaenopterae
[25,26]. Genetic analysis of Diplogonoporus isolates from clinical cases
has recently revealed a close relationship between Diplogonoporus
and Diphyllobothrium stemmacephalum|{24].

Thus, in the present study, the complete mitochondrial genomes
of both species were sequenced and compared in order to clarify
the molecular-taxonomic relationship between D. balaenopterae and
D. grandis. In addition, the genetic variation within the cox1 and ITS-
1 regions was examined using nine Diplogonoporus isolates obtained
from whales and humans. The need for a revision of the taxonomic af-
filiation of the genera Diplogonoporus and Diphyllobothrium is also
discussed.

2. Materials and methods
2.1. Diplogonoporus tapeworms examined in the present study

The Diplogonoporus tapeworm specimens examined in this study
are listed in Table 1. Minke whale and sei whale were taken in the
Western North Pacific Ocean with special permission from The Insti-
tute of Cetacean Research, Japan. The seven mature Diplogonoporus
tapeworms collected from the small intestines of .the whales were
identified as D. balaenopterae based on morphological characters
(Nos. 1-7 in Table 1). Two dlplogonadxc tapeworms, one immature
tapeworm lacking a scolex (No, ) and a mature tapeworm with a
scolex (No. 9), were obtained from two Japanese patients; these sam-
ples were identified morpho ogically as D. grandis. The tapeworms
were rinsed thoroughly in‘phosphate-buffered saline after collection
and preserved in 80% ethanol, except for two specimens (Nos. 6 and
9) which were fixed in 10% formalin.

2.2. DNA extraction, PCR amplification and DNA sequencing

DNA was extracted from the ethanol-fixed proglottids using a
DNeasy Blood & Tissue kit (Qiagen, Germany) according to the man-
ufacturer's instructions. The formalin-fixed specimens were embed-
ded in paraffin and DNA was efficiently extracted from the
unstained, 10 pm-thick sections using a DEXPAT kit (Takara Bio Inc,,
Japan) as described previously [26,27]. For analysis of the complete
mitochondrial genome, DNA was extracted from two representative
tapeworms fixed in ethanol (Nos. 2 and 8 in Table 1). Amplification
of the mitochondrial genomes was performed using 13 primer pairs

(Table 2) designed based on the mitochondrial genomes of Diphyllo-
bothrium nihonkaiense (AB268585) and Diphyllobothrium latum

120

(AB269325). The PCR consisted of an initial denaturation step of 121

98 °C for 30 s, followed by 35 cycles of 94 °C for 305, 58 °C for 305,
and 72 °C for 90 s, with a final extension cycle of 72 °C for 5 min. Sam-
ples were amplified in a final reaction volume of 50 pL with Ex Taq
DNA polymerase (Hot Start version, Takara Bio Inc., Japan).

For the polymorphism analysis of the cox1 and ITS-1 regions of the
ethanol-fixed samples (Nos. 1, 3 5 and 7), primer pairs P1/P2 and
P28/P31 were designed based on the nucleotide sequences of the
cox1 and ITS-1 regions in Diplogonoporus and Diphyllobothrium, re-
spectively (Table 3). For the formalin-fixed samples (Nos. 6 and 9),
short and overlapping DNA fragments were amplified using primer
pairs P3-P27, and P28/P29 and P30/P31 (Table 3) for the cox! and
the ITS-1 regions, respectively. High fidelity KOD FX DNA polymerase
(Toyobo, Japan) was occasionally used for DNA samples extracted
from formalin-fixed materials. PCR performed using KOD FX DNA po-
lymerase employed an initial denaturation step of 94 °C for 15 min,
followed by 35 cycles of 94 °C for 30's, 58 °C for 30's, 72 °C for 60 s
and a final cycle of 72 °C for 5 min.

Amplicons confirmed by agarose gel or capillary electrophoresis
(HAD-GT12, eGene Inc., LA) were purified using a NucleoSpin Extract
II kit (Macherey-Nagel, Germany) and used as templates for direct
DNA sequencing. Samples for DNA sequencing were prepared using

Table 2

Oligonucleotide primers used for amplification of mitochondrial genomes.
Primer pairs 1Nucleolide sequences (5’ to 37)
P1 atp6/Fl ATGATCTTCAGTGGTTATTCAAGTT
P2 nad1/R25 CACCTGTTAAAAACATAAAAATCAT
P3 trnA/F ACAGAATACTGGGTTTGCGTCTCAG
P4 nad3/R60 AAATGATATGACTATAAACAACIAA
P5 nad3/F1 ATGTTAGCTTATTITTTGGTGG
P6 rL/R250 CTATACACATTTACITGTCTCCTC
P7 trnT,F38 CAGGGGTGGGTTTACTCTTGGGCCT
P8 trnC/R25 TACTAAGACCAAAGGCAATAGACTT
P9 rnL/F451 CATATTATAAATTTTATATGTAGG
PIO trnC/R25 TACTAAGACCAAGGCAATAGACTT
P11 rnL/F880 TGAGGTGAGTTAAGACCGGCGTGAG
P12 mS/R245 ATTTCACCTACTCTTACCTTTACCT
P13 trnC/F40 GTGAATATTGTTTATTCTAGGCTIT
P14 cox2/R25 CGTAGTACAGCAAAGAAAATTTCAT
P15 mS/F570 GTAACAAGGTAGCCCAGATGAATC
P16 trnE/R25 TTATGCTCCAATACAACAAAACAGG
P17 cox2/F525 GGTGGGTCACEGTTATATGCCIATA
P18 nad/R761 CAAGTGGATATGGCAACTATCTTCT
P19 nad5/F565 CTACCCCTGTTAGTTCTTTAGTACA
P20 cox3/R205 TACCAAAGGCTAAAACITCIAAG
P21 trnG/F40 GTGGGGATCTAATGGTTTTAGATAA
P22 trnH/R25 GCCAGTTTAAATAACCTATCAGTAA
P23 cox3/F444 GGTTCTAGATTTTATGCTAGTTGT
P24 nad4/R 325 ACAGAGGTAACATGGATAGCTCATA
P25 nad4/F1 ATGAGAGTGTACAAAATTATTAGAT
P26 atp/R25 AATCTTGAATAACCATAAAGATCAT

t2.1

2.2
2.3
t24
t2.5
t2.6
2.7
t2.8
£2.9
2,10
t2.11
£2.12
t2.13
t2.14
£2.15
12.16
£2.17
£2.18
t2.19
t2.20
£2.21
t2.22
t2.23

£2.24
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t2.28
t2.29
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Table 3
Oligonucleotide primers used for the amplification of cox1 genes and ITS-1 regions.

Primers Nucleotide sequence (5' to 3')

P1 nad3/Fi20 CGAGTGTGGTTTTAGATCTTCTTCA
P2 rl/R250 CTATACACATTTACTTGATCTCCTC
P3 nad3/F120 CGAGTGTGGTTITAGATCTICTTCA
P4 cox1/R125 ATACGTATCATAACACTAAGGCTCA
P5 cox1/F1 ATGATAATCTTAAAGTTTTTAGTT
P6 cox1/R225 GGGCATCAAAAAAAAGAATATCATT
P7 cox1/F101 TGAGCCTTAGTGTTATGATACGTAT
P8 cox1/R325 ATAAAATCMGCATTAMGCTTT

P9 cox1/F201° AATGATATTCTTTTTTITGATGCCC
PIO cox1/R425 TTTCTATCCCTAAAAAGAGCAGAAG
P11 cox1/F301 AAAGCTTTAAGTGCTTGATTGTTAT
P12 cox1/R525 ATCAAAAAAGCTGTGTACAGGGTA
P13 cox1/F501 TACCTGTACACAGCTTTTGTTGAT
P14 cox1/R725 TCAGGATGACCAAAAAATCAAAACA
P15 cox1/F601 GTTTTAGCTGCTGCTATTACMTGT
P16 cox1/R825 AAATAATAMCCATAAAATCCAAAA
P17 cox1/F701 TGTTTTGATTTTTTGGTCATCCTGA
P18 cox1/R925 TAATGACTAAAAAAAACAGTGT
P19 cox1/F901 ACAGCTGTTTTTTTTAGGTCAGTTA
P20 cox1/R1125 AACCACAAATCAAGTATCATGCTTT
P21 cox1/F1080 TGCTTGTGTICTTGATAATATITTG
P22 cox1/R1309 AACCGCATATACCAAAGTAATGCAT
P23 cox1/F1230 ATTGCAGTGTATTGTATAGTGTCT
P24 cox1/R1435 TAACTAGAGACTCCCACAAAATAAAC
P25 cox1/F1401 TTITTTTTGTGTTTATITTGTGGGAG
P26 cox1/R1566 CTATAAGGCCAACATATATAATCTACAAA
P27 trT/R23 ACAAAACCAGTATTCTAATTAAA
P28 ITS-1/F1 ACCTGCGGAAGGATCATTACACGTT
P29 ITS-1/R325 ACACGACGCCTCGAGTCTTACGCCT
P30 ITS-1/F301 AGGCGTAAGACTCGAGGCGTCGTGT
P31 ITS-1/R625 AATTCACACAGTTGGCTGCGCTCTTC

an ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction kit
(Applied Biosystems Inc., CA) and nucleotide sequences were deter-
mined by primer walking using an ABI PRISM 3100-Advant Genetic
Analyzer (Applied Biosystems Inc.).

2.3. Data processing and phylogenetic analysis

A number of models for genetic distance analysis and estimation
of phylogenetic trees have been proposed and differ in terms of the
parameters used to _géscribe the rates ygf nucleotide substitution dur-
ing evolution [28]. In this paper, genetic distance of 36 genes encoded
in the mitochondrial genomes between D. balaenopterae and D.
grandis, genetic variation of coxI and ITS-1 regions among Diplogono-
porus isolates was estimated using Kimura's 2-parameter (K2P). The
mode] distinguishes between transitional and transversal substitu-
tions of the nucleotides and assumes that all of the bases are equally
frequent [29]. The rate of transitional substitution is often higher than
that of transversal substitution, especially in animal mitochondrial
DNA, and the model was considéred to be suitable for estimating ge-
netic distance of mitochondrial DNA [30]. Genetic distance was calcu-
lated by the setting of substitution included transitions and
transversions, and the rates among sites (gamma parameter =1).

Phylogenetic analyses of Diplogonoporus and Diphyliobothrium
were performed using nucleotide sequences of cox1 from 12 Diphyl-
lobothriidae taxa (DQ768191, AB369249, AB015753, AB517949,
EU241311, EU241317, EU241308, FM209182, AB510496, AM412738,
AB268585, AB364645), Bothriocephalus acheilognathi (Bothriocepha-
lidae, Bothriocephalidea, HM439384) and Taenia solium (Taeniidae,
Cyclophyllidea, AB516957) were used for comparisons. The nucleo-
tide sequence data were initially aligned with the ClustalW program
(ver. 1.83, http://www.clustalw.ddbj.nig.ac.jp). The maximum likeli-
hood analysis (ML) and Bayesian inference (BI) were employed for
phylogenetic analyses, For the ML, the alignment data were converted
to FASTA format using MEGA program (ver. 5.05) and analyzed using
Hasegawa-Kishino-Yano (HKY) + G model (gamma=>5) which was

selected based on Bayesian Information Criterion scores using MEGA 176
5.05. 177

For Bl the alignment data were converted to NEXUS format using 178
the ClustalX2 (ver. 2.0.12) and Bayesian phylogenetic analysis was 179
performed using MrBayes 3.1.2 (http://mrbayes.csit.fsu.edu/index. 180
php). The DNA data were divided into 3 partitions and likelihood set- 181
ting was set to nst=6, equivalent to the general time reversible 182
(GTR) model of nucleotide substitution [31]. Markov Chain Monte 183
Carlo analysis was then run on each of the datasets for 10° genera- 184
tions to estimate the posterior probabilities of trees [32]. Phylogenetic 185
trees were rooted with T. solium as the outgroup. For the ML analysis, 186
nodal support was assessed by bootstrap resampling (1000 repli- 187
cates). In B}, clades were considered to have high nodal support if 1ss
the BI posterior probability was >0.95. 189

3. Results and discussion : 190

3.1. Characterization of the complete mitochondrial genomes of D. 191
balaenopterae and D. grandis 192

The 5'- and 3'-ends of the protein-coding genes were deduced 193
from the sequences corresponding to the genes in D. nihonkaiense 194
and D. latum. Using sequence motifs, genes for 2 rRNAs and 22 195
tRNAs were also annotated in the 5'- and 3'-flanking regions of the 196
open reading.frames. In the 2nd non-coding region (NCR2), located 197
between nad5 and trnG, at least three ladder-products were amplified 198
in both species examined (data not shown), with the largest product 199
(320bp) used to estimate the whole genome size. The complete mi- 200
tochondrial genome sizes of the isolates No. 2 (D. balaenopterae, 201
AB425839) and No. 8 (D. grandis, AB425840) were thus estimated 202
to be 13,724 bp and 13,725 bp, respectively. 203

As shown in Table 4, the mitochondrial genomes consisted of 12 204
protein-coding genes (atp6, cob, coxI;coxB, nadl-nad6), 2 IRNA 205
genes (rnl, rns), 22 tRNA genes (trns), and two longer non-coding re- 206
gions (NCR1, NCR2). The gene encoding ATPase subunit 8, as well as 207
other flatworm mitochondrial genomes, was absent. Most of the 208
genes were interrupted by several bases and no introns were present 209
in the protein-coding genes. Genes were arranged unidirectionally 210
and exhibited a strong bias toward adenine (A) and thymine (T), 211
with the A+T content reaching 68.7-68.8%. Genomic organization 212
was essentially identical to that reported in other diphyllobothriidean 213
and cyclophyllidean cestodes to date, except for Hymenolepis dimin- 214
uta[33-37]. . 215

Of the 12 protein-coding genes, 11 were initiated by an ATG 216
codon, while cox3 was initiated by GTG (Table 4). Eleven protein- 217
coding genes were predicted to end with complete stop codons: five 218
(atp6, cox2, nad2, nad5 and nads6) were predicted to terminate with 219
TAA and six (cob, cox1, nadl, nad3; nad4 and nad4l) with a TAG 220
codon. However, cox3 in the Diplogonoporus-isolates was predicted 221
to end with an abbreviated stop codon; T-(Table 4), and a complete 222
stop codon appeared to be missing downstream of trnH, suggesting 223
that the abbreviated T has been modified by post-transcriptional 224
polyadenylation. It is nof considered unusual to find incomplete ter- 205
mination codons, such as T or TA, in the protein-coding genes of 226
metazoan mitochondrial genomes [38), Indeed, in the mitochondrial 227
genome sequences of flatworms that have been reported to date, ab- 228
breviated stop codons have been identified in cox3, nad1 and nad3 of 229
D. nihonkaiense and D. latum[34], and nad1 in T. solium[35], 230

The NCR2 region is considered to be involved in the replication of 231
mitochondrial DNA [39]. Kim et al. [37] reported that size variation in 232
the NCR2 region is largely due to differences in the number of identical 233
36-nucleotide repeat sequence units, and that these differences vary 234
according to geographic location in D. latum (4-6 repeats)and D, nihon- 235
kaiense (4~7 repeats). In the NCR2 region of ‘Diplogonoporus isolates 236
from whales and humans, atleast 8 identical repeat units consisting of 237
33 nucleotides (5'-TTAGGGATGTGTGTAGTATATTCT CTAAATTTG-3’) 238
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Table-4

Location of genes and non-coding regions (NCR) in the mitochondrial genomes of D. balaenopterae and D. grandis.

Genes and D. balaenopterae (13,724 bp) D. grandis (13,725 bp)
NCRs Jocations Length (bp) Start + Stop codons Locations Length (bp) Start + Stop codons
Yy 1-66 66 1-66 <66
1st NCR 67-291 225 67-292 226
trnL1 (CUN) 292-358 67 293-359 67
trnS2 (UCN) 380-445 66 379-444 66
tmlL2 (UUR) 450-513 64 449-512 64
tmR 514-568 55 513-567 55
nads 572-2140 1569 ATG-TAA 571-2139 1569 ATG-TAA
2nd NCR 2141-2460 320 2140-2459 320
triG 2461-2528 68 2460-2527 68
cox3 2532-3174 643 GTG+T* 2531-3173 643 GIG+T"
trnH 3175-3238 64 3174-3237 64
cob 3242-4348 1107 ATG-TAG 3241-4347 1107 ATG-TAG
nad4L 4350-4610 261 ATG-TAG 4349-4609 261. ATG-TAG
nad4 45715821 1251 ATG-TAG 4570-5820 1251 ATG-TAG
tmQ 5822-5884 63 5821-5883 63
tmF 5881-5945 65 5880-5944 65
tmM 5942-6007 66 5941-6006 66
atps 6011-6520 510 ATG-TAA 6010-6519 510 ATG-TAA
nad2 6523-7401 879 ATG-TM - 6522-7400 © ¢ 879 ATG-TM
tmv 7404-7468 65 7403-7467 65
tmA 7471-7533 63 7470-7532 63
tnD 7537-7598 62 7536-7597 62
nad1 7599-8489 891 ATG-TAG 7598-8488 891 ATG-TAG
traN 8489-8553 65 8488-8552 65
trmpP 8567-8629 63 8566-8628 63
trnl 8640-8702 63 8639-8701 63
tmK 8709-8773 65 8708-8772 65 .
nad3 8775-9131 357 ATG-TAG 8774-9130 357 ATG-TAG
tmS1 (AGN) 9121-9179 59 9120-9178 59
tmw 9181-9243 63 9180-9242 63
cox1 9252-10,817 1566 ATG-TAG 9251-10,816 1566 ATG-TAG
tmT 10,808-10,869 62 10,807-10,868 62
ml 10,870-11,831 962 10,869-11,831 963
trmC 11,832-11,895 64 11,832-11,895 64
ms 11,896-12,625 730 11,896-12,626 731
cox2 12,626-13,195 570 ATG-TAA 12,627-13,196 570 ATG-TAA
trnE 13,198-13,266 69 13,199-13,267 69
nadé 13,263-13,721 459 ATG-TAA 13,264-13,722 459 ATG-TAA
* Abbreviated stop codon.
were confirmed, but variation in the number of repeat units among geo-
graphical isolates of Diplogonoporus has not yet been thoroughly A No.g*
investigated. No.6
. 10Q.
3.2. Taxonomic status between D. balaenopterae and D. grandis based on
molecular analyses ‘
Genetic distances of 36 genes encoded by the mitochondrial ge-
nomes of both species were calculated using K2P model. The genetic I
distance values between the 12 protein-coding genes were extremely
small-(d = 0.0000-0.0054). Similarly, the genetic distances between
the rnl and rns genes were“low at 0.0012 and 0.0030, respectively. . No7
Of the 22 trns, 19 had identical sequences and tmC, trnH and trnV
were separated by a distance of d=0.0158. By way of comparison, B . No.4-1

the genetic distance valtie obtained for the cox2 in D. nihonkaiense
and D. latum, which are distinct species, was 0.069. Indeed, the
value for cox2 was.the lowest genetic distance observed among all
of the protein-coding genes of D. nihonkaiense and D. latum (data
not shown), indicating that the differences between D. balaenopterae
and D. grandis were more likely due to intraspecific variation than be-
cause the two taxa were separate species.

Fig. 1 is an unrooted neighbor-joining tree showing the geneticre-
lationships among diplogonoporiid isolates estimated using cox1 (A)
and ITS-1 region (B) sequences. The transitional (A = G, T = C) and
transversal substitutions (T = G, T = A) were at 25 and 2 sites
(1393 and 1476), respectively, along the 1566-bp cox1 sequence
(data not shown). The genetic distance ranged from 0.0000 to

No.1, No.3, No.4-2
No.5, No.7, No.g*
No.9-1, Kz, K2, T2

No.4-4 I
No.6

No.2* N0.9-2,T3

Fig. 1. Unrooted neighbor-joining trees inferred from the sequences of the (A) cox1
(1566 bp) and (B) ITS-1 region (625 bp) of Diplogonoporus isolates. Numbers at the
nodes indicate bootstrap values (1000 replicates). Asterisks denote samples used for
the complete mitochondrial genome analysis. Bars indicate genetic distances calculat-
ed by K2P model. ITS-1 regions of D. grandis isolates K1, K2, T1, T2 and T3 are from ac-
cession numbers AB355629, AB298510, AB298512, AB298513 and AB298514,
respectively, Bars =0.001 (A) and 0.0005 (B).
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0.0158 (overall mean=0.0059), which are typical of intraspecific
variations. Nucleotide sequences of the ITS-1 region (625 bp) .of 2
Diplogonoporus isolates (Nos. 4-and 9) were determined using PCR
products subcloned into pT7 Blue T-vector (Novagen, USA) because
dual peaks at 4 sites were detected by direct DNA sequencing. Poly-
morphic nucleotides were observed at 4 sites (30, 147, 334 and
548) in D. balaenopterae (No. 4) and at position 344 in D. grandis
(No. 9) (data not shown). Transitions (A = G, T = C) and transver-
sions (C = A) were observed at sites 344 and 548, and 30 and 147, re-
spectively. The genetic distance values ranged from 0.0000 to 0.0048
and overall mean was 0.0017, which are also typical of intraspecific
variation. Thus, based on mitochondrial and nuclear DNA data, the
present study confirmed that D. grandis is a junior synonym of
D. balaenopterae and thus, causative agent of human diplogonoporia-
sis should be called D. balaenopterae.

3.3. Taxonomic and phylogenetic relationships between the genera Dip-
logonoporus and Diphyllobothrium

The Pseudophyllidea van Beneden in Carus, 1863, a well-
recognized order of tapeworms (Platyhelminthes: Eucestoda), has
been considered to be a monophyletic group of difossate cestodes
[40]. However, phylogenetic analysis based on nuclear ribosomal
RNA genes and ITS-2 sequences revealed the presence of two phylo-
genetically unrelated groups, indicating paraphyly or polyphyly of
the order Pseudophyllidea [15,17,19,20]; consequently, two new or-
ders, Diphyllobothriidea and Bothriocephalidea, have beer proposed
to accommodate these unrelated lineages [41]. In addition another
study [24], the mitochondrial DNA results of this study also support
the proposal. However, the taxonomic and. phylogenetic relationships
between the genera Diplogonoporus and Diphyliobothrium (Diphyllo-
bothriidae, Diphyllobothriidea) have been not yet been clarified in
sufficient detail, primarily because D} A sequence data are only avail-
able for a limjted number species [42], and also because the taxonom—
ic posmons of several spec1es withir e g genera are Stlll uncertam

genus Diphyllobothrium, corroboratmg the ﬁndmgs ‘of a previous study
[24]. Phylogenetic studies on pseudophy]hde, ﬁ( = d:phyllobothrudean
and bothriocephalidean) cestodes supp -
of several cestode genera, inc xng Lfgula Bloch 1782 and Bothrioce-
phalus Rudolphi, 180817, 19,22], at szhyllobothnum[43] The close
relationship between szlogonoporus spp. and D. stemmacephalum im-
plies that these taxa constitute a; araphylenc group.

Interestingly, D. balaenopterae and D. stemmacephalum are phylo-
genetically closely related and infect cetaceans, such as Balaenoptera
spp. and M. novaeangliae (Balaenopterxdae) [1.2], and the harbor por-
poise (PhLocoena phocoeng, Phocoenidae, Cetacea), bottlenose dolphin
(Tursiops truncatus, .. Delphlmdae Cetacea) and long-finned pilot
whale (Globicephala ‘frelas, Delphinidae, Cetacea) [1} respectively.
Based on these similarities in host preference, it seems likely that
D. balaenopterae and D, stemmacephalum are derived from a common
ancestral species [24].

The genus Diplogonoporus has been characterized as having two sets
of genitalia in a single proglottid [1]. However, additional genitalia (3 to
5 pairs) have been observed in some segments of D. balaenopterae col-
lected from an Antarctic sei whale (B. borealis, Balaenopteridae, Ceta-
cea) [44]. Similarly, in dwarf forms of D. balaenopterae (body length:
61-809 mm, max. width 2.0-5.6 mm) obtained from a minke whale, al-
though two sets of genitalia per segment were usually encountered,
sometimes 4 paired genitalia were observed in a single proglottid in
the same individuals [45]. Conversely, two sets of reproductive organs
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Fig. 2. Phylogenetic trees constructed by the (A) maximum likelihood and (B) Bayesian
infererice analyses using cox1 sequence data (356 bp). Nucleot\de sequence data were
obtained from ‘the following accession numbers: Daplogonopoms balaenopterae
(AB355622—A8355624 AB355626, AB474567, AB474568); ‘Diplogorioporus  grandis
(AB355628 AB355629), Diphyllobothrium stemmacephalum (DQ768191), Diphyliobo-
thrium' pacificum (ABSI7949), Spirometra erinaceleurcpaei (AB369249), Sparganum
proliferum (AB015753) Digramma interrupta  (EU241311), Ligula intestinalis
(EU241317), Ligula colymbi (EU241308), Dlphyllobothnum ditremum (FM209182),

Diphyliobothrium latum (AB510496) Diphyllobothrium dendriticum (AM412738),
Diphyllobothrium nihonkaiensé (AB268585, AB364645) and Bothriocephalus acheilog-
nathi (Bothriocephalidae, Bothriocephalidea, HM439384), Taenia solium- (Taeniidae,
Cyclophyllidea, A8516957) was used as the outgroup. Bootstrap values (1000 repli-
cates) in ML and posterior probabllxtles in the Bl are shown at the branch. Bars indicate
the number of base substitutions/site.

per segment have been reported in Diphyllobothrium yonagoense,
which infects Risso's dolphin: (Grampus griseus, Delphinidae, Cetacea)
[46] and rarely, duplicated genitalia have been reported in Bothrioce-
phalus, Triaenophorus, Echinophallus and Paraechinophalus (Bothrioce-
phalidea) {41]. Moreover, in some genera of Diphyllobothriidae (e.g.,
Baylisia, Tetragonoporus and Hexagonoporus), multiple genital organs
have been observed in each segment. Thus, because the number of gen-
italia can vary, even within species, two sets of genitalia as a taxonomic
character may not be sufficiently robust for resolving affiliations among
the members of the genus Diplogonoporus. In addition, these observa-
tions suggest that multiplication of the reproductive organs may be an
adaptive phenomenon in cestode evolution.

In so far as the taxonomic placement of Diphyllobothrium pacifi-
cum, a parasite of the South American sea lion (Otaria flavescens,
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Otariidae, Carnivora), is concerned, it has been proposed that Adeno-
cephalus pacificus Nybelin, 1931, the original name assigned to the
species, should be restored as the valid name based on molecular
and morphological data which D. pacificum is phylogenetically distant
from Diphyllobothrium species (i.e., D. nihonkaiense, D. latum, and D.
dendriticum etc) [23]. Our results also support the validity of the orig-
inal genus Adenocephalus although the position of D. pacificum was
different in two phylogenetic trees. Because Diphyllobothrium includ-
ing D. nihonkaiense, D. latum, D. dendriticum and D. ditremum, which
are all non-cetacean Diphyllobothrium parasites, is placed at markedly
distant position from D. stemmacephalum (Fig. 2). The genera
Digramma Cholodkovsky, 1914 and Ligula, formed a monophyletic
cluster, but Digramma is considered a synonym of Ligula[22,47]. In-
deed, Digramma may merely be a rare diplogonadic type of Ligula.

Regarding the validity of the genera Diplogonoporus and Diphyllo-
bothrium based on molecular evidence, the following scenarios are
possible

i) Diplogonoporus should be synonymized with Diphyllobothrium,
and the name Diphyllobothrium should be used for D. stemma-
cephalum, which may also include several other cetacean
Diphyllobothrium species

ii) Diplogonoporus should be retained as a valid genus

iii) Non-cetacean Diphyllobothrium species, including D. nihon-
kaiense, D. latum and D. dendriticum, should be placed in a
newly designated genus.

To conclude whether Diplogonoporus can be regarded as a syno-
nym of Diphyllobothrium or not, comprehensive molecular-
phylogenetic analyses should be undertaken using other Dipologono-
porus species, such as Diplogonoporus tetrapterus, which infects the
harbor seal (Phoca vitulina, Phocidae, Carnivora) and fur seal (Callor-
hinus ursinus, Otariidae, Carnivora), and Diplogonoporus violettae
which infects the sea lion (Eumetopias jubatus, Otariidae, Carnivora).
In addition, the gigantic and dwarf forms of D. balaenopterae[45,46],
as well as species that infect other cetacean species, including D.
yonagoense and Diphyllobothrium macroovatum which infect minke
whales (B. acutorostrata) and gray whale (Eschrichtius® gibbosus,
Eschrichtiidae, Cetacea) [48] should be also examined. Moreover,
other genera related to Diplogonoporus, including Tetragonoporus,
Hexagonoporus and Polygonoporus, are required in’order to clarify
the phylogenetic relationships among these cestodes, and molecular
analyses using D. yonagoense and Hexagonoporus isolates are current-
ly underway. For scenario iii), the genus Diphyllobothrium should con-
tain the type-species of D. stemmacephalu It 'may therefore be
reasonable to place the non-cetacean szhyllobothnum specxes into
a new genus that is distinct from Dlp[zyllobothnum To revise the va-
lidity of the genus Diphyllobothrium,further molecular analysis
using more non-cetacean Diphyllobothrittim taxa would be necessary.

In conclusion, the findings of the mitochondrial and nuclear DNA
analyses reported here will be very useful, not only for analyzing
the phylogenetic relationships among eucestodes, but also for differ-
entiating Diplogonoporus species from Diphyllobothrium species. In
addition, larval stages of D.:balaenopterae have not yet been discov-
ered. It will now be possible to determine whether plerocercoids
found in marine fish hosts are D. balaenopterae or not, which will fur-
ther clarify the life cycle of this parasite and facilitate the prevention
of diplogonoporiasis in humans.
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- PCR-based molecular diagnosis was made for the identification of causative agents of the clinically suspected
pulmonary proliferative sparganosis case found in Thailand using formalin-fixed paraffin-embedded (FFPE)
biopsy specimens. As a reference, FFPE biopsy specimen from a typical cutaneous sparganosis case was
examined together. DNA samples were extracted from tissues and two partial fragments of cytochrome ¢
oxidase subunit 1 (cox1) gene were amplified for the detection of Spirometra DNA. Two cox1 fragments were
amplified successfully for both specimens. After alignment of nucleotide sequences of the PCR-amplicons, the
causative agents of both cases were identified as Spirometra erinaceieuropaei.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Human sparganosis is a zoonosis caused by plerocercoid larva
called sparganum of pseudophyllidean (now classified as diphyllobo-
thriidean [1,2]) tapeworm {3,4]. The disease is classified into two
forms, non-proliferative sparganosis and proliferative sparganosis.
The former is caused by infection with canine and feline tapeworm,
genus Spirometra, whereas the latter is caused by infection with
Sparganum proliferum, of which adult worm remains unknown [3,4].
Genus Spirometra exploits freshwater copepods as the first interme-
diate host and an array of amphibians, reptiles, birds and mammals as
the second intefmediate hosts/paratenic hosts depending on the food
chain [3,4]. Human non-proliferative sparganosis is endemic mainly
in East and Southeast Asia, especially in China, Japan, Korea, Taiwan

* Nucleotide sequence data reported in the present paper are deposited in the
DDBJ/GenBank/EMBL databases under fhe accession numbers AB612881 and AB612882
the regions of 650-800 and 965-1120 of the cytochrome ¢ oxidase subunit 1 gene,
respectively.
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and Thailand [5-9]. Sporadic cases were reported also from the
Americas [10]. The causative agents for sparganosis in Asia is
Spirometra erinaceieuropaei, whereas in the Americas is Spirometra
mansonoides [3,4]. Human infection occurs by eating raw or under-
cooked meat of the second intermediate hosts or paratenic hosts,
especially frogs and snakes. In addition, infection occurs by drinking
water contaminated with copepods, or by the usage of frog meat
poultice [3.4]. The disease is characterized by migrating tumor and
granulomatous lesion surrounding the worm preferentially in the
subcutaneous tissues and less frequently in the eyes and central
nervous system (CNS) [5-9]. In contrast to typical non-proliferative
sparganosis, proliferative sparganosis caused by infection with S,
proliferum, of which adult worm is not yet known [3 4], is extremely
rare but clinically aberrant with high mortality. Until now, a total of 16
cases have been reported sporadically from various countries (6 cases
in Japan, 3 in Taiwan, 2 each in USA and Thailand, and one each in
Paraguay, Venezuela and Reunion Island) (see Supplementary Table).
Recent molecular analyses on mitochondrial cytochrome ¢ oxidase
subunit 1 (cox1) and nuclear succinate dehydrogenase iron-sulfur
protein subunit (sdhB) genes revealed that S. proliferum is similar but
distinct from S. erinaceiuropaei [11,12]. In Thailand, 54 sparganosis
cases, 52 non-proliferative and 2 proliferative sparganosis, were
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identified by the literature survey [9]. Among 52 non-proliferative
cases, one case of pulmonary sparganosis [13,14] is extremely difficult
to identify whether this is proliferative or non-proliferative sparga-
nosis [9], because the patient had multiple lesions in both lungs by
spargana with the progress of the disease and the eventual death by
Cor pulmonale[9,15]. Here we report the molecular evidence that this
unusual pulmonary sparganosis case was S. erinaceiuropaei infection
using the paraffin block preserved for over 15 years.

2. Materials and methods
2.1. Patients and the specimens

In the present study, formalin-fixed paraffin embedded (EFPE)
parasites derived from two Thai male patients with sparganosis were
used for molecular diagnosis. The paraffin block had been preserved in
the Department of Pathology, Faculty of Medicine, Khon Kaen
University, Thailand. Ethics approval for the study protocol was
received from the Khon Kaen University Ethics Committee for Human
Research (HE 541086).

Patient #1 is a 65year-old man from Udon Thani Province,
northeast Thailand, with subcutaneous abdominal sparganosis which
is supposed to be S. erinaceiuropaei. He received simple surgical
resection of the nodular lesion for diagnostic treatment on May 2006.
Postoperative histopathological diagnosis confirmed that this case
was a non-proliferative sparganosis and the residual biopsy specimen
(code #, S49-3754) has been kept in the Department of Pathology,
Faculty of Medicine, Khon Kaen University. Patient #2 is a 37 year-old
also from Udon Thani province, northeast Thailand. He was
misdiagnosed as pulmonary tuberculosis because the chest radiogra-
phy revealed diffuse multiple nodular infiltrations with cavitations,

and had been treated with antituberculosis drugs for one year without .

improvement. Eventually this patient had received an open lung
biopsy in 1995. Pathological section revealed the presence of spargana
in the specimen (code #, S37-61; [13]). After 5 year follow-up, his
bilateral multifocal lung lesions rather diversified and he died of Cor
pulmonale [14]. Because of the clinical features and histopathological
findings, this case was suspected of S. proliferum infection [9,15].

2.2. DNA extraction, polymerase chain reaction, DNA sequencing and
sequence analysis

. To extract DNA efficiently from FFPE specimens, thin sections
(10 um-thickness) were prepared and the parasites in the sections
were confirmed by hematoxylin-eosin stain prior to preparing DNA
(Fig. 1). DNA was extracted from unstained seriai sections attached on
the glass slides using a DEXPAT kit (TaKaRa Bio Inc., Japan) as reported
previously [16,17]. Briefly, the resulting supernatants were used
as DNA template for polymerase chain reaction (PCR). Amplification
of mitochondrial coxI gene by PCR was performed in a 25-pL reaction
mixture. KOD FX DNA polymerase (TOYOBO, Japan), which is a DNA
polymerase derived from the hyperthermophilic Archaeon Thermo-
coccus kodakaraensis KOD1 and with high fidelity was used. We chose
cox1 gene as the target DNA because this has been used for molecular
phylogenetic study of S. proliferum among pseudophyllidean tape-
worms, and was proven as the suitable marker to distinguish
S. proliferum from S. erinaceieuropaei[11]. Assuming that DNA has
been degraded by formalin fixation, to amplify short DNA fragments,
* the primer pairs were designed using the Primer3 software [ 18] based
on cox1 sequences of S. erinaceieuropaei and S, proliferum as follows:
F650 (5'-CGG CTT TIT TTG ATC CTT TGG GTG G-3) and R800 (5’-GTA
TCA TAT GAA CAA CCT AAT TTA C-3'), and F965 (5/-CTT GGC TIT ATA
TGA TTT AAA TAG T-3*) and R1120 (5/-CAA ACC ACG TGT CAT GCA
AAATTT T-3') for S. erinaceieuropaei; F259 (5’-CCT CTA TTA TCG GGC
CTT CC-3') or F366 (5'-GGC TGG GAT AGG GTG AAC TT-3’) and R472
(5'-TTG AAA CCC CAG CTA AAT GC-3), F453 (5'-GCA TTT AGC TGG

Fig. 1. Plerocercoids detected in the paraffin-embedded sections used for molecular
identification. A. A plerocercoid isolated from the subcutaneous nodule of patient #1;
B. A plerocercoid (arrow) detected in the lung tissue from patient #2. The sections were
stained with hematoxylin-eosin.

GGT TTC AA-3’) and R684 (5’-AGG ATC TCC ACC CCC TAA TG-3') and
F462 (5'-TGG GGT TTC AAG TTT GTT GG-3') and R611 (5'-GCC GCT
AAT ACC GGA ATA GTT-3') for S. proliferum. The numbers of primers
correspond to positions of the cox1 genes of S. erinaceieuropaei and S.
proliferum consisting of 1566 bp and 1496 bp, respectively. Although
nested-PCR using outer-universal and inner-specific primer sets is the
standard approach for this kind of research, we employed repeated
PCR using the same primer and the same cycle condition because the
target gene fragments were too short to design outer and inner
primers. The PCR was performed at 94 °C for 15 min followed by
35 cycles of denaturation (94 °C, 30's), annealing (58 °C, 30 s} and
extension (72 °C, 60 s) plus 1 cycle of 72 °C for 5 min. After first PCR
reaction, for S. erinaceieuropaei amplification, the amplified product
was added to the second reaction mixture for re-amplification by
using the same pair of primer sets and the same condition as above.
For the first PCR amplified product by using S. proliferum specific
primer pair (F259/R472), the F259/R472 and F366/R472 primer pairs
were used for re-amplification and semi-nested PCR, respectively,
whereas the amplification by using F453/R684 primer pair, the same
and F462/R611 primer pairs were used for re-amplification and
nested PCR, respectively.

Amplicons were confirmed by 2-3% agarose gel electrophoresis
and purified using NucleoSpin Extract II kit (Macherey-Nagel,

" Germany) for direct DNA sequencing. Samples for the sequencing

were prepared using an ABI PRISM BigDye Terminator Cycle
Sequencing Ready Reaction kit (Applied Biosystems Inc., CA) and
sequencing was performed on 3100 Genetic Analyzer and/or 3730 x|
DNA Analyzer (Applied Biosystems Inc., CA). Sequence analysis was
performed using Clustal W software [19].

3. Results
In the molecular analysis of the plerocercoids from case #1

(Fig. 2A), the target DNAs were re-amplified by the 2nd PCR using two
primer pairs (F650/R800 and F965/R1120) specific for the cox? gene
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Fig. 2. Cox1 gene fragments amplified by PCR. A. Patient #1: Lanes 1 and 4, 1st PCR products using S. erinaceieuropaei DNA and primer pairs of F650/R800 (151 bp, lane 1) and
F965/R1120 (156 bp, lane 4) specific for S. erinaceieuropaei. Lanes 2 and 3, the 1st and 2nd PCR products using primer pair of F650/R800. Lanes 5 and 6, the 1st and 2nd PCR products
using primer pair of F965/R1120. B. Patient #2: Lanes 1 and 2, the 1st PCR products using primers specific for S. proliferum (F259/R472 and F453/R684), respectively. Lanes 3 and 4,
the 1st PCR products using primers specific for S. erinaceieuropaei (F650/R800 and F965/R1120), respectively. Lanes 5 and 6, the 2nd PCR products using 1st PCR product from lane 1,
and primers specific for S. proliferum (F259/R472 and F366/R472), respectively. Lanes 7 and 8, 2nd PCR products using 1st PCR product from lane 2, and primers specific for
S. proliferum (F453/R684 and F462/R611), respectively. Lanes 9 and 10, the 2nd PCR products using 1st PCR products from lanes 3 and 4, and primers specific for S. erinaceieuropaei

(F650/R800 and F965/R1120), respectively.

of S. erinaceieuropaei (151 bp in lane 3 and 156 bp in lane 6 in Fig. 2A,
respectively), but not by the 1st PCR (F650/R800 and F965/R1120 in
lanes 2 and 5 in Fig. 2A, respectively). In the plerocercoids from case
#2 (Fig. 2B), the etiologic agent was supposed to be S. proliferum, so
that primer pairs specific for the cox1 genes of both S. proliferum and
S. erinaceieuropaei were tested. As results, neither product was re-
amplified by the 2nd PCR using primer pairs specific for S. proliferum
(F259/R472 and F453/R684 in lanes 5 and 7 in Fig. 2B, respectively)
nor product was semi-nested or nested PCR using F366/R472 or
F462/R611 primer pairs, respectively (lanes 6 and 8 in Fig. 2B).
However target DNAs were re-amplified by the 2nd PCR using primer
pairs specific for S. erinaceieuroapei (151 bp and 156 bp in lanes 9 and
10 in Fig. 2B, respectively). Homology search of the PCR-amplified
products was conducted against regions of 650-800 and 965-1120 of
the coxI genes of the S. erinaceieuropaei reference sequences
(AB369249-AB369251, AB015754 and AB374543), and against the
same regions of the S. proliferum reference sequence (AB015753). The
results were summarized and shown in Table 1 and Fig. 3. Obviously
both worms from patient #1 and #2 showed high sequence
similarities (297%) with the two regions of cox! sequences of
S. erinaceieuropaei, but relatively low homologies (<90%) with
those of S. proliferum. Then, the plerocercoids obtained from two
sparganosis patients from northeast Thailand were both identified as
S. erinaceieuropaei.

4. Discussion

PCR-based molecular technique is a powerful tool for identifica-
tion/speciation of causative pathogens of infectious diseases. Genetic
information of pathogens obtained from FFPE tissues kept for long
years is extremely useful for the retrospective re-appraisal of
individual cases and also for epidemiological studies on infectious as
well as all other diseases [20]. DNA extraction from FFPE tissues is
generally problematic because formalin fixation causes DNA. frag-
mentation and paraffin interferes DNA extraction. However, recent
improvement of DNA extraction kits/methods and the development

Table 1
The sequence homology of the PCR-amplified cox! fragments against Spirometra
erinaceieuropaei and S. proliferum.

Worms Cox1 sequence homology against
from N N - -

S. erinaceieuropaei S. proliferum

650-800 965-1120 650-800 965-1120
Case #1 97.0% 98.1% 89.0% 86.7%
‘Case #2 87.6%

99.0% 100% 90.0%

of appropriate primers to detect short fragments allowed us to
identify various helminth parasites in FFPE tissues [16,17,21-25]. Our
results also clearly showed the usefulness of the application of
molecular diagnosis using old FFPE tissues.

In the present study, two short fragments of cox! gene were
selected as the targets for PCR amplification, because they were
already proven as the suitable markers for differentiate S. erinaceieur-
opaei and S. proliferum, and also useful for the phylogenetic analysis of
pseudophyllidean (diphyllobothriidean tapeworms) [11]. Because the
target gene fragments were short, we have repeated the PCR twice
using the same primer sets under the same condition, instead of semi-
nested and nested PCR using common outer and specific inner
primers. Since sufficient amount of PCR amplicons was obtained by
the repeated PCR in this study,. this repeated PCR method can be
applied for the amplification of short DNA fragments from FFPE
tissues in general.

For the proliferative sparganosis, a total of 16 cases have been
reported sporadically worldwide (see Supplementary Table). Most of
the cases have multiple lesions, but lung involvement is extremely
rare. Patient #2 in the present study was suspected of having
proliferative sparganosis by open lung biopsy followed by autopsy
[14], but the molecular diagnosis using specific primer sets revealed
that this case was an infection with S. erinaceieuropaei. Until now, only
two proliferative sparganosis cases, if the laboratory strain isolated
from patient was included, have been diagnosed by molecular
methods [11]. Whether some of the previously reported proliferative
sparganosis cases with limited lesions were really infected with S.
prolifera need molecular confirmation. Also, whether S. erinaceieur-
opaei turned into proliferative form or not still remains to be solved by
molecular examinations of more cases of proliferative sparganosis.
Whatever would be the solution, the present study clearly demon-
strated the usefulness of molecular diagnosis for visceral sparganosis
cases with multiple lesions.

In Thailand, a total of 52 cases of non-proliferative and 2 cases of
proliferative sparganosis have been reported for over 50 years [9].
Patient #1 has been reported first time in the present study so that
this should be the 53rd case of non-proliferative sparganosis due to S.
erinacefeuropaei infection in Thailand. Patient #2 of the present study
was already listed as the non-proliferative sparganosis with deserved
official diagnosis [9,15]. The molecular diagnosis of this study
confirmed that previously reported pulmonary sparganosis case is
in fact non-proliferative sparganosis due to S. erinaceieuropaei
infection. The present study also is the first molecular evidence of
S. erinaceieuropaei plerocercoids from two sparganosis patients (one
each of subcutaneous and pulmonary sparganosis) in Thailand.

The majority of non-proliferative sparganosis is caused by a single
worm infection. Although infection with multiple worms has been
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Fig. 3. Alignment of the nucleotide sequences of the PCR-amplified cox1 gene fragments. A. PCR product (151 bp) using the primer pair of FE50/R800. B. PCR product (156 bp) using
the primer pair of F965/R1120. Nucleotide sequence data were obtained from the following accession numbers: S. erinac;ieuropaei (AB369251, AB369249, AB015754, AB369250 and

AB374543) and S, proliferum (AB015753). Boxed nucleotides indicate nucleotides unique for the cox1 gene of S. proliferum.

sporadically reported, most of them were found as multiple
subcutaneous nodular lesions [26]. In Thailand, 3 worms were found
from the eyelids of a patient [27]. Recently 5 worms were surgically
removed (3 worms being extirpated while she was in Bangkok and 2
worms while she was in Japan) from a Thai-Japanese woman [28]. In
this case, the patient applied frog meat as the poultice. In the present
study, we were unable to count the exact number of worms in the
lungs of patient #2, but definitely more than two worms should
present simultaneously because the patient suffered from bilateral
lung lesions and the presence of worms in both lungs was confirmed
by biopsy [14]. There are a few pleuropulmonary sparganosis cases
reported in Taiwan [29], Korea [30] and Japan {31]. However, most of
those cases were the infection in the pleural cavity. The involvement
of lung parenchyma is extremely rare [30.31]. In Thailand, apart from
the present case, only one case of pulmonary sparganosis in that the
worm was found in the mediastinal lymph node, was reported {32].

In conclusion, present results clearly show the usefulness of PCR-
based identification of causative agents preserved as FFPE tissues for
long years.

Acknowledgements

This work was supported in part by a Grant-in-Aid from the
Ministry of Health, Labour and Welfare, Japan (H22-Shinko-Ippan-
016) to Hiroshi Yamasaki and Hiromu Sugiyama. Thai researchers,
Supinda Koonmee, Pewpan M. Intapan, Jurairat Kularbkeaw, Jaturat
Kanpittaya, Wanchai Maleewong were supported by the Higher
Education Research Promotion and National Research University
Project of Thailand, Office of the Higher Education Commission.

Appendix A. Supplementary data

Supplementary data to this article can be found online at doi: 10.
1016/j.parint.2011.07.018.

References

[1] Waeschenbach A, Webster BL, Bray RA, Littlewood DT. Added resolution among
ordinal level relationships of tapeworms (Platyhelminthes: Cestoda) with
complete small and large subunit nucléar ribosornal RNA genes. Mol Phylogenet
Evol 2007;45:311-25.

[2] Kuchta R, Scholz T, Bray RA. Revision of the order Bothriocephalidea Kuchta,
Scholz, Brabec & Bray, 2008 (Eucestoda) with amended generic diagnoses and
keys to families and genera, Syst Parasitol 2008;71:81-136.

[3] Beaver PC; Jung RC, Cupp EW. Pseudophyllidean tapeworms. In: Beaver PC, Jung
RC, Cupp EW, editors. Clinical parasitology. 9th ed. Philadelphia: Lea & Febiger;
1984, p. 494-504.

[4] Miyazaki 1. Spirometriasis. In: Miyazaki I, editor. An illustrated book of Helminthic
Zoonoses. Tokyo: International Medical Foundation of Japan; 1991, p. 207-14.

{5] Qiu MH, Qiu MD. Human plerocercoidosis and sparganosis: I1. A historical review
on pathology, clinics, epidemiology and control, Zhonggue Ji Sheng Chong Xue Yu
Ji Sheng Chong Bing Za Zhi (Chin ] Parasitol Parasit Dis) 2009;27:251-60 (in
Chinese with English abstract).

[6] Cha SY, Bae JH, Seo BS. Some aspects of human sparganosis in Korea, Korean ]
Parasitol 1975;13:60-77.

[7] Yoshikawa M, Ouji Y, Nishiofuku M, Ishizaka S, Nawa Y. Sparganosis cases reported in
Japan in the recent decasde, 2000-2009. Clin Parasitol 2010;21:33-6 (in Japanese).

[8] Chung CC, Tsai BJ, Lin TY, Kuo HM. Cutaneous sparganosis — a case report.
Dermatol Sin (Taiwan) 2000;18:204-10 (English with Chinese abstract),

[9] Anantaphruti MT, Nawa Y, Vanvanitchai Y. Human sparganosis in Thailand: an
overview. Acta Trop 2011;118:171-6.

|10} Sakamoto T, Gutierrez C, Rodriguez A, Sauto S. Testicular sparganosis in a child
from Uruguay. Acta Trop 2003;88:83-6.

[11] Miyadera H, Kokaze A, Kuramochi T, Kita K, Machinami R, Noya O, et al.
Phylogenetic identification of Sparganum proliferum as a pseudophyllidean
cestode by the sequence analyses on mitochondrial COI and nuclear sdhB genes,
Parasitol Int 2001;50:93-104.

[12] Kokaze A, Miyadera H, Kita K, Machinami R, Noya O, de Noya BA, et al.
Phylogenetic identification of Sparganum proliferum as a pseudophyllidean
cestode. Parasitol Int 1997;46:271-9,

[13] Kanpittaya J, Boonsawad W, Intarapoka B, Kularbkaew C, Tesana S, Tantisirintr C. A
reported case of pulmonary sparganosis: radiological aspect and review of articles.
Asean J Radiol 1995;1:7-11. .

[14] Phunmanee A, Boonsawat W, Indharapoka B, Tuntisirin C, Kularbkeaw )
Pulmonary sparganosis: a case report with five years follow-up. | Med Assoc
Thai 2001;84:130~5,

[15] Wiwanitkit V. A review of human sparganosis'in Thailand. Int j Infect Dis 2005;9:
312-6.

[16] Yamasald H, Nakaya K, Nakao M, Sako Y, Ito A. Significance of molecular diagnosis using
histopathological specimens in cestode zoonoses. Trop Med Health 2007:35:307-21.

[17] Yamasaki H, Nakaya K, Nakao M, Sako Y, Ito A. Mitochondrial DNA diagnosis for
cestode zoonoses: application to formalin-fixed paraffin-embedded tissue
specimens. Southeast Asian ] Trop Med Public Health 2007;38(Supp/1):166~74.

[18] Rozen S, Skaletsky H. Primer3 on the WWW for general users and for biologist
programmers. In: Krawetz S, Misener S, editors. Bioinformatics methods and
protocols: methads in molecular biology. Totowa: Humana Press; 2000. p. 365-86.

[19] Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-
specific gap penalties and weight matrix choice. Nucleic Acids Res 1994:22:4673-80.

[20] Klopfleisch R, Weiss ATA, Gruber AD. Excavation of a buried treasure — DNA,
mRNA, miRNA and protein analysis in formalin fixed, paraffin embedded tissues.
Histol Histopathol 2011;26:797-810. E

|21} Rivasi F, Boldorini R, Criante P, Leutner M, Pampiglione S. Detection of Dirofilaria
(Nochtiella) repens DNA by polymerase chain reaction in embedded paraffin
tissues from two human pulmenary locations. APMIS 2006:114:567-74.

[22] Schneider R, Gollackner B, Edel B, Schmid K, Wrba F, Tucek G, et al. Development of a
new PCR protocol for the detection of species and genotypes (strains) of Echinococcus
in formalin-fixed, paraffin-embedded tissues. Int ] Parasitol 2008:38:1065-71.

[23] Fukuda M, Otsuka Y, Uni S, Boda T, Daisaku H, Hasegawa H, et al. Zoonotic
onchocerciasis in Hiroshima, Japan, and molecular analysis of a paraffin section of
the agent for a reliable identification. Parasite 2011;18;185-8.

-421-



464 S. Koonmee et al. / Parasitology International 60 (2011) 460-464

[24] Mattiucci S, Paoletti M, Borrini F, Palumbo M, Palmieri RM, Gomes V, et al. First
molecular identification of the zoonotic parasite Anisakis pegreffii (Nematoda:
Anisakidae) in a paraffin-embedded granuloma taken from a case of human
intestinal anisakiasis in Italy. BMC Infect Dis 2011;11:82.

[25] Simsek S, Kaplan M, Ozercan IH. A comprehensive molecular survey of
Echinococcus granulosus in formalin-fixed paraffin-embedded tissues in human
isolates in Turkey. Parasitol Res 2011;109:411-6.

[26] Tansurat P. Human sparganosis in Thailand. | Med Assoc Thai 1966;49;
391-5.

{27] jipipop B. Ocular sparganosis. J Int Coll Surg Thai 1969;12:45-50 (in Thai with
English abstract).

[28] Ishii H, Sakurai H, Ikegawa H, Nanri M, Fujita S, Araki T, et al. A case of sparganosis
mansoni observed for 15years and its clinical observations. Clin Parasitol
2006;17:89-93 (in Japanese).

[29] Lin TP, Su 1], Lu SC, Yang SP. Pulmonary proliferating sparganosis — a case report. }
Formos Med Assoc {Taiwan Yi Xue Hui Za Zhi) 1978;77:467-72 (in English with
Chinese abstract).

{30] Hur J, Lee SC, Lee CY. Pulmonary sparganosis: a case report. Korean ] Thorac
Cardiovasc Surg 2003;36:43-6.

[31] Iwatani K, Kubota I, Hirotsu Y, Wakimoto J, Yoshioka M, Mori T, et al. Sparganum
mansoni parasitic infection in the lung showing a nodule. Pathol Int 2006;56:674-7.

- [32] Tesjaroen S. Sparganosis in Thais. Siriraj Hosp Gazette 1991;43:743-9,

~422-



YREBICEL D EBONAREHBERLED 1§l

i =H TR AERET

KE *nﬁl) . .ﬁ])v | ' .
= BEAY BUETAY WA EX RH BA

RE RSO LB E°

= =

AABERELEBIIRELE 25 & FOELENTHEMIZ S X528, BMERSE O RAEIREDSMC B EERD
WS E V., RFUIBRATEEZ EZFRICZZ I, FRYaZS5 74 VBIXUOTTS VD U FVERAWTE
HEFT o7z coxl BIEFHENT L Y HRBERBESR L HEBRIE SN2, F4E, WEABEOREICL ) BA8E
DEBEBEIHEMLCETEY, FREZIEILDE LILFLEHBRIIBAEODDOTIIRWEFBERT L
BN EZ ORIz

(BAI&EE 100 : 3336~3338, 2011)

BT 45, ARBREEERER YSUVHCFIL, AR IOTS T

= BEFRAZIB

FEHIIMRAEIIEI 2 @M Tho7-. A3 H
BIEALZTZREBEY VFIoFR  ars

BE 335K, B EEF - AR BEEE
BiESr. Bz AEAD. IRRE @ 2000 EE~< R

DEERESD Y. DRERREZER, TR
T\a7z. 2010 £F 2 A HHMERIC BE 0 HRE 2 3B
7o, BEEZRELTIEREZZZ L2 A5%H
TEDOZW % 21T, IO 7= DFBANABE L 72 o 72,
ARRRFIRIE - FFRETNEFFRZ L. ARKHRE
FRR : MEMRETIIMmE, EFCHL2ZE
EEZ L. ERIVE XU REAREIZERE.

7 4 ¥ ZAE 150 ml, PLFE 104 2 & 12 50 ml
5 L, # 500 mlO/NGIEARIT o 7258, BEAT
ZROTEELHEAIRICEZES 2o/ 2
D7D ABRE6HBITTT VA 51,650 mg
ZARS Y, TO2RERBIZI VBT R Y
T A 34 gERNREEET S, REDESHE
WxzH7e (Ha). PS8R 1 IETHE
F2m, MKERH 10mmT, # 1 mmOBERD

(% 212 E3RiEH & (2010/10/09) #ERE) (%48 2011/04/21, #RA 2011/06/27)
DB v & —HaTR, 2 RIREMREEWERER, 3 ELEYENRIT S AR

Case Report ; A case of Diphyllobothrium nihonkaiense infection probably caused by eating raw trout.
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